Crop coefficients (Kc) provide a means of relating evapotranspiration (ET) to standard references such as pan evaporation or other climatic based reference ET's (ET = Kc*reference ET). They have been used extensively in irrigated agriculture but only lhnitedly on rangelands. This study used lysimeter-measured ET to determine Kc's for conditions where water was nonlimiting for both transpiration (T) and soil water evaporation (E) and transpiration coefficients (Tc) for conditions where E was minimal and water was nonlimiting for T. 
They are usually calculated as the ratios of the ET of specific crops to some reference ET (RFET) under conditions where water is nonlimiting for transpiration (T) and soil water evaporation (E) is not a factor. These Kc's provide a means of calculating water use or water requirements for specific crops based on a RFET that can be determined from weather variables such as temperature and solar radiation or from pan evaporation.
Under rangeland conditions, however, water is often limiting and soil water evaporation cannot be ignored. Thus, Kc's are difficult to determine and lack transferability among range sites.
To overcome transferability problems, Hanks (1985) suggested separating PET into an evaporation component Ep (water not limiting evaporation from the soil surface) and a transpiration component Tp (water not limiting transpiration). This procedure is similar to the one used in the ET component of ERHYM where PET is the product of a Kc and JHET. The Kc represents conditions where water is nonlimiting for both T and E. A maximum value for the transpiration coefficient (Tc) (Tc = T/ JHET) is calculated for specific plant communities based on live biomass at peak standing crop. Seasonal Tp values are based on the maximum Tc and a relative annual growth curve.
The purpose of this study was to use ET data from rangeland lysimeters to estimate seasonal Kc (ET/ JHET) values for conditions where water was nonlimiting for both T and E and Tc (T/ JHET) values for conditions where water was nonlimiting for T, and E was minimal.
Methods and Procedures

Study Sites
The lysimeter ET data used in this study were obtained from previous studies (Hanson 1976 , Wight et al. 1986 ). Study sites were located near Gillette, Wyoming; Newell, South Dakota; and Reynolds, Idaho (Table I) . Reynolds is located about 80 km southwest of Boise on the Agricultural Research Service Experimental Watershed. Paired lysimeters were located at the Gillette and Reynolds sites where like-kind vegetation extended for several miles in each direction. At the Newell site, I lysimeter was located in a SO-acre pasture of mixed-prairie vegetation and another lysimeter was installed in a 30-acre pasture of mixed-prairie vegetation that had been fertilized and received regular applications of irrigation water. Lysimeter ET was measured during 1969 and 1971 at the Newell site; 19681970 at the Gillette site ; and 1977-1984 at the Reynolds site. Precipitation, solar radiation, and air temperature were measured at each study site.
ET Measurements
ET was measured daily from about I May to 30 September with small hydraulic lysimeters. At the Newell and Gillette sites, lysimeter installations included an inner steel box filled with an undisturbed 1 X 1 X I m monolith of soil (Hanks and Shawcroft 1965) . The boxes were filled by digging them down through the undisturbed soil profile and then sealing the bottom end. The inner box floated on 2 interconnected butyl bags within an outer box. The bags were filled with antifreeze and water, and weight changes of the soil monolith were measured with manometers. Both inner and outer boxes were sealed at the bottom.
At the Reynolds site, undisturbed monoliths of soil 1.52 m in were sealed at the bottom. Installation procedures were similar to those at Gillette and Newell. The inner section of pipe and soil column floated on a coil of butyl tubing 15 cm in diameter within an outer section of pipe. Daily changes in the weight of the soil column were monitored by a pressure transducer attached to the butyl tubing and recorded on a data acquisition system.
At the Gillette and Newell sites, the lysimeters were sensitive to about 0.3 mm of ET; at the Reynolds site, the lysimeter sensitivity was about 0.5 mm. This sensitivity is less than the 0.06 mm reported by Fritschen et al. (1973) for a similar, floating-type lysimeter. However, their lysimeter had a larger surface area to total weight ratio than the lysimeters we used. These floating-type lysimeters are still less sensitive than direct weighing lysimeters like those used by Parton et al. (198 1) that can measure as little as 0.025 mm of ET.
A concern when using lysimeters to measure ET from rangelands is how well the lysimeters represent undisturbed plant communities. Previous comparisons of lysimeter-measured ET with ET calculated from changes in soil water content as measured by the neutron method show good agreement between the 2 methods for a mixed prairie range site (Wight 1971) , and a somewhat poorer agreement for a sagebrush-grass range site (Wight et al. 1986 ). There was generally good agreement in daily ET measured by the paired lysimeters in this study (Table 2) .
We determined Kc and Tc values for each study site from annual graphs of daily ET/ JHET values (Fig. 1) . Such graphs are always This would result in a calculated RFET value that was much higher than actual evaporative demand and thus a low Kc value. Because of difficulty in using JHET to represent evaporative demand on a daily basis, average values from ET/ JHET graphs or tabular sources are needed to determine Kc and Tc values. We visually averaged the ET/ JHET curves or curve segments, as is often done in agronomic studies (Wright 1982) .
With agronomic crops, especially under irrigation, it is relatively easy to determine time periods when water is nonlimiting for both T and E. With complete canopy cover, E is often ignored and Kc and Tc are the same. For native rangeland the problem is more complex. In this study, the Kc's were determined for days when soil water was nonlimiting for both T and E. Because soil water data were not available, these days were estimated to occur on the first 1 to 3 days following a precipitation event that was greater than the PET for the days considered Burnett 1971, Nkemdirim and Haley 1973) . These events were identified from graphs of daily ET/ JHET values and precipitation (Fig. 1) . We attempted to estimate Tc values from ET/ JHET graphs by considering time periods after a significant precipitation event when the soil surface had dried reducing E to minimal amounts, but the subsurface water content was sufficient as to not limit T.
Admittedly, we had no way of knowing that these conditions were fully met. Even if soil water data had been available, it would still be very difficult to determine exactly when the conditions were present for estimating Tc.
We suggest that with the amount of canopy and ground cover present on these study sites, E would be sharply reduced as the plant and soil surfaces dried. There are many opinions on when soil water becomes limiting for transpiration. Reported available soil water contents at which soil water becomes limiting range from as low as 25% (Nkemdirim and Haley 1973 , Ritchie 1973 , Ritchie et al. 1976 ) to as high as 75% (DeJong and MacDonald 1975) . Such values, however, are directly affected by evaporative demand, root distribution, etc.
Patterns in the ET/ JHET graphs are indicative of conditions where T is not limited and accounts for most of ET. Thus we suggest that determining Tc values as described above is, at least, a good first step in obtaining this information.
Vegetation Measurements
Seasonal leaf area indices (LAI) were measured biweekly on the lysimeters by the inclined point frame technique (Warren-Wilson 1959). Annual herbage yields at peak standing crop were estimated by clipping small plots adjacent to the lysimeter.
Reference ET
We used JHET (Jensen and Haise 1963) as the reference ET. JHET has had world-wide application, has been used successfully in ERHYM, and can be calculated from available weather data. It does not include a wind factor which is often used for agronomic crops. However, wind data is only limitedly available for rangelands. JHET was calculated as: latent heat of vaporization of water (MJ kg-') The JHET was adjusted for elevation using the method described by Jensen (1974) .
Results and Discussion
Field Estimated Kc and Tc Values
The sample data in Table 2 represent lOday periods following significant precipitation events. These are representative of the ET data used in this study and are indicative of the resolution and dependability of the lysimeters. The lysimeters at the Gillette and Newell sites were monitored daily and, in general, performed with fewer errors than did the lysimeters at Reynolds. Also, there was better agreement between the paired lysimeters at Gillette than at Reynolds.
Representative daily ET/ JHET graphs are shown in Figure 2 . In addition to the sawtoothed variations inherent with ET/RFET graphs, there are occasional extremes that are caused by inaccurate ET values. This was most prevalent on the Reynolds site and resulted when the floating inner box of the lysimeter temporarily bound against the outer box or there was a malfunction of the electronics associated with the transducers and recorders. The lysimeters at Gillette and Newell were read daily and apparent malfunctions could be corrected at time of reading. The ET/ JHET graph for the irrigated Newell site has some missing days, but otherwise is very similar to that of an irrigated crop.
Except for slight reductions during late summer and fall, the Kc values remained relatively constant throughout the year. These reductions were associated with a decrease in T that was not offset l r by increases in E because of shading by mature vegetation and litter.
As indicated by the means and standard deviations in Table 3 , most the Kc's for the 3 nonirrigated sites were in the 0.75 to 0.90 range. Average Kc values were 0.82,0.79, and 0.85 for the Newell, Gillette, and Reynolds sites, respectively. Wight and Hanks (198 1) reported similar values for a mixed-prairie range site in eastern Montana. On the Newell irrigated site (Fig. 2) , the ET/ JHET ratio showed seasonal effects with the highest values coinciding with periods of maximum green biomass at peak standing crop and regrowth in late fall. This site had a dense stand of grass due to fertilization and irrigation. Water was generally not limiting and E was minimal due to dense ground cover. Thus the ET/ JHET ratio provides a good estimate of both the Kc and Tc values of this site and reflects seasonal trends. LOW ET/ JHET values coincided with senescence of vegetation following peak standing crop. The Tc values varied within growing season and among years, being directly related to the current year's herbage productivity. At or near peak standing crop, Tc values were mostly between 0.40 and 0.60 for the 3 nonirrigated sites with average values of 0.50, 0.48, and 0.52 for the Newell, Gillette, and Reynolds sites, respectively (Table 3) . Because of the small number of sample years, it is not appropriate to make site comparisons from the mean values in Table 3 . The ET/ JHET curve for the nonirrigated Newell site (Fig.  2) shows Tc values as low as 0.10 in July and August when the vegetation had senesced.
It was not possible to establish good seasonal patterns of Tc values. ET data were not available for the growth initiation period in the spring, and it was difficult to determine Tc values for the latter part of the growing season because of infrequent occurrence of soil water conditions necessary to make Tc estimates. This method of determining Tc values is probably most useful for establishing maximum Tc values.
Model Estimated Tc Values
In ERHYM a maximum transpiration coefficient (TRANCO) based on Kc*JHET as the RFET is calculated by the equation:
where yield is average annual site yield (lb/acre) at peak standing crop. Using this equation and a Kc value of 0.85, maximum Tc's were calculated (Tc = 0.85 TRANCO) for the Newell, Gillette, and Reynolds sites (Table 3) . In the SPUR model, Tp is calculated directly from LAI's using the equation:
where the RFET is calculated from temperature and solar radiation as described by Renard et al. (1987) . For values of LA1 greater than 3, Tp equals the difference between the RFET and Ep. With water nonlimiting for T, Tc, is equal to Tp/RFET or LAU3.0. Using the maximum LAPS in Figure 3 , associated maximum Tc values were calculated for the Newell, Gillette, and Reynolds Creek sites, respectively (Table 4) . There is good agreement between SPUR calculated Tc's and those estimated from the ET/ JHET graphs. At the Reynolds and Gillette sites, ERHYM calculated Tc is somewhat less than that estimated from the ET/ JHET graph. The yield data at these 2 sites included only annual growth of the sagebrush plants and thus under-represented the total biomass capable of transpiration.
Conclusions
Results of this study indica!e that annual graphs of ET/ RFET (ET measured by lysimeters) and associated precipitation provide a means of estimating Kc and Tc values for rangeland plant communities. These are crude estimates because the soil water requirements necessary for the determination of Kc and Tc are seldom fully met, especially for Tc, and it is difficult to determine when these conditions occur.
